. In many cases, artificial gene networks have focused on switching gene expression for specific purposes by using the fluorescent protein gene as an output gene (1, 2). The control of cell behavior with artificial gene networks requires an output gene whose biochemical function is clearly defined and a deficient mutant form thereof (4). To extend the application of artificial gene networks, we need a more convenient gene as the output gene in order to control biological activity in various organisms.
R
ecently, artificial gene regulation systems have been developed to control gene expression or cell behavior in synthetic biology (1-6). Deans et al. developed an artificial genetic switch with RNA interference (RNAi) and a repressor protein in mammalian cells (7) . In many cases, artificial gene networks have focused on switching gene expression for specific purposes by using the fluorescent protein gene as an output gene (1, 2) . The control of cell behavior with artificial gene networks requires an output gene whose biochemical function is clearly defined and a deficient mutant form thereof (4) . To extend the application of artificial gene networks, we need a more convenient gene as the output gene in order to control biological activity in various organisms.
The present study focused on codon usage bias, and an artificial gene-silencing system was constructed that is different from the repressor protein or interfering RNA found in a natural biological system. Low-usage codons have a genome-wide distribution at a very low frequency, and their tRNAs occur in the cell at lower concentrations than those for normal codons (8) (9) (10) . The expression of foreign genes is suppressed in Escherichia coli because of differences in codon usage (11, 12) . Overexpression of the integrase mRNA containing 20 rare arginine codons with a strong ribosome binding site reduces the growth rate of the host E. coli (11) . Therefore, the pathway of a rare codon in the genome and its corresponding tRNA is one "vulnerability" or "security hole" of biological systems, much like one in a computer system or network (13, 14) . In the present study, I constructed an artificial gene containing many low-usage codons to exploit this security hole by monopolizing multiple minor codon tRNAs through its expression, resulting in the suspension of almost all translation in the cell (Fig. 1 ). This scheme was modeled on a type of computer system or network attack known as a distributed denial-of-service attack. I arranged this artificial gene downstream of the lac promoter of E. coli, the galactose-inducible promoter of yeast, and the doxycycline (Dox)-inducible promoter of mammalian cells. I found repression of the growth of E. coli, yeast, and mammalian cells, as well as downregulation of gene expression with the induction of my artificial gene. The application of this artificial gene provides a novel nonspecific virus defense system in E. coli and human cells. This artificial gfp gene would work as a system device with which to control cell behavior with an artificial gene network with applications in biotechnology.
MATERIALS AND METHODS

Plasmid construction, genes, cells, phages, and chemicals. (i) E. coli and
Saccharomyces cerevisiae. The artificial green fluorescent protein (GFP) genes lgfp and hgfp were designed on the basis of the codon usage database (15) and synthesized by the GenScript Corporation (Piscataway, NJ). The C-terminal deletion mutant genes lgfp⌬1, lgfp⌬2, and lgfp⌬3, lacking 25, 50, and 75% of the length of the C terminus of lgfp, respectively, were obtained by PCR from the lgfp gene (Table 1 ). The codon adaptation indices (CAIs) of artificial genes were calculated with the formula (16) CAI ϭ exp[(1/L) ͚lϭ1 L log i (l)], where i ϭ f(i)/max[f(j)], f(i) and f(j) are frequencies of synonymous codons for amino acids, and L is the number of codons.
All plasmids except pRARE for bacterial experiments were constructed from pTAK, pIKE, and pTSMb1 (kind gifts from J. J. Collins, Boston University, Boston, MA) by using standard cloning techniques (2, 17, 18) . pHGFP, pLGFP, pLGFP⌬1, pLGFP⌬2, and pLGFP⌬3 were constructed by inserting hgfp, lgfp, lgfp⌬1, lgfp⌬2, and lgfp⌬3, respectively, under the control of the P trc promoter of pTAK132 by replacing the cI857-gfpmut3 genes. pRARE was isolated from the Rosetta strain (Merck, Darmstadt, Germany). pYEG, pLGFP1, and pLGFP2 were constructed by inserting a yeast-enhanced GFP gene (yEGFP), lgfp, and hgfp under the control of the P GAL promoter of pYES2 (Invitrogen, Carlsbad, CA). The P GAL -gfp-CYC1TT region was then obtained by PCR and cloned into pAUR112 (GenBank accession no. AB012283; TaKaRa, Kyoto, Japan). pL⌬NG was constructed from pLGFP⌬1 by the insertion of tetR-repressive gfpmut3 obtained from pIKE107. pH⌬NG was constructed from pL⌬NG by replacing lgfp⌬1 with hgfp⌬1, which lacks 25% of the C-terminal region of hgfp. pPAL and pPAH were constructed from pLGFP and pHGFP by replacing the LacI-P L -P trc regions with a psp promoter obtained from E. coli AK1 by PCR. The Pyrobest DNA polymerase (TaKaRa) was used for PCR. (4) by UV mutagenesis that was also used for phage infection experiments. Phages T4 (NBRC20004) and T7 (NBRC20007) were purchased from the NITE Biological Resource Center (Kazusa, Japan). Phages (NCIMB10451), f1 (NCIMB13926), and MS2 (NCIMB10108) were purchased from the National Collection of Industrial, Food, and Marine Bacteria (Aberdeen, United Kingdom). S. cerevisiae YPH499 (MATa his3-⌬200 leu2-⌬1 lys2-801 trp1-⌬1 ade2-101 ura3-52) was also used for GFP expression (19) .
(ii) Human cells. The artificial GFP gene hu-lgfp was also designed and synthesized on the basis of Homo sapiens codon usage. pTRE-G1 was constructed by arranging hu-lgfp downstream of the P tet promoter of the pTRE-Tight vector (Clontech). Plasmid pTRE-Luc carrying a luciferase gene instead of the hu-lgfp gene was used as a control plasmid. HeLa-Tet-ON, MCF7-Tet-ON, and HEK293-Tet-ON cells carrying the tetR gene in their genomes (Clontech) were used for GFP expression and recombinant adenovirus infection experiments. Recombinant adenovirus was purchased from TaKaRa Bio (Shiga, Japan). The DNA sequences of the artificial gfp genes and all of the plasmids used in this study are described in the supplemental material.
Growth conditions and chemicals. All E. coli cells were incubated in LB broth (Difco Laboratories, Detroit, MI) containing 100 g/ml of ampicillin (Sigma, St. Louis, MO) at 37°C and 160 rpm. Growth of E. coli was monitored by measuring the optical density at 660 nm (OD 660 ) and counting the CFU. Chloramphenicol was also added to the cultures of E. coli carrying pRARE. The isopropyl-␤-D-thiogalactopyranoside (IPTG; Translation of the mRNA transcribed from the genome is inhibited because of the shortage of rare-codon tRNAs. All cellular protein synthesis except that of GFP will be inhibited, and cellular activities such as cell growth will be reduced. GFP expression and quantification. E. coli cells were grown aerobically in LB medium containing ampicillin overnight at 37°C, diluted 1:500, and regrown in LB medium containing the appropriate inducer at 37°C. Cells were collected by centrifugation at 8,000 rpm for 1 min at 4°C, washed with phosphate-buffered saline (PBS; 75 mM sodium phosphate, 67 mM NaCl, pH 7.4), and suspended in PBS for GFP measurement. S. cerevisiae cells were grown aerobically in YPD medium containing aureobasidin A for 24 h at 30°C. Cells were collected and washed twice with YPGalactose and then suspended in fresh YPGalactose containing raffinose and aureobasidin A, and the OD 660 was adjusted to about 0.1. Cells were collected by centrifugation at 1,000 rpm for 5 min at 4°C and suspended in PBS for GFP measurement. All GFP expression data were collected with a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ). All fluorescent measurements of gene expression were obtained from samples of 30,000 cells. Human cells were grown in DMEM for 4 h after transfection. Dox was added to the culture for induction of low GFP at a concentration of 1 g/ml. GFP was observed with a fluorescence microscope.
Preparation and electrophoresis of outer membrane protein of E. coli. E. coli cells were harvested (5,000 rpm, 10 min, 4°C), washed with 0.8% (wt/vol) NaCl, and then suspended in 0.5% (wt/vol) N-lauroylsarcosinate. Cells were broken by sonication (20 W, 2 min, 4°C). After centrifugation (2,000 rpm, 10 min, 4°C) to remove unbroken cells, the supernatant was centrifuged (100,000 ϫ g, 1 h, 4°C) to collect the N-lauroylsarcosinate-insoluble fraction of the outer membrane protein. The outer membrane protein was dissolved in 2% SDS solution, and electrophoresis with a 4 M urea-12% acrylamide gel was carried out by the method of Laemmli (20) .
ALP activity. Cells were collected from 10-ml cultures by centrifugation at 8,000 rpm for 5 min at 4°C, washed with deionized distilled water (DDW), and then suspended in 300 l of DDW. A 10% (vol/vol) toluene solution was added to each cell suspension to increase the permeability of the substrate. The alkaline phosphatase (ALP) reaction was carried out by incubation at 37°C for 3 h after aliquots of 10-l cell suspensions and 100 l of p-nitrophenylphosphate solution (Wako Chemical, Richmond, VA) were mixed. The absorbance at 405 nm (A 405 ) of the solution was measured as ALP activity (21) .
Phage experiments. E. coli JM2.300 was used as the host for phages T7, T4, and , and E. coli AK4 was used as the host for phages MS2 and f1. Phage solution was prepared from phage-infected E. coli cultures by filtration with a 0.2-m-pore-size membrane filter after cells were removed by centrifugation at 8,000 rpm for 10 min at 4°C. The titer of the phage solution in PFU was measured on LB plates covered with LB (T4 and T7), LB plus 0.2% maltose (), or 1/4LB soft agar (0.8%; f1 and MS2) containing each host strain.
Infection and counting recombinant adenovirus. HEK293 cells transfected with pTRE-G1 or pTRE-Luc were incubated for 48 h at 37°C. Recombinant adenovirus was added to each culture at a concentration of 1.6 ϫ 10 5 infectious units/ml. The surviving cells and recombinant adenovirus particles were counted after 72 h at 37°C. The number of recombinant adenovirus particles was determined with the Adeno-X Rapid Titer kit (Clontech) with HEK293 cells as the host (22) .
Measurement of hu-lgfp mRNA by qRT-PCR. HeLa cells were incubated for 48 h at 37°C after the transfection of pTRE-G1. mRNA was isolated with RNeasy (Qiagen). The quality of the mRNA was verified with the Agilent RNA 6000 nano kit and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). A quantitative real-time PCR (qRT-PCR) assay was carried out with TaqMan one-step RT-PCR master mix reagent on the Applied Biosystems 7500 real-time PCR system (Applied Biosystems, Carlsbad, CA) under the following amplification conditions for the above-mentioned genes: 95°C for 10 min, followed by 60 cycles at 95°C for 15 s and 60°C for 1 min. Forward primer 100609-187F (CGACGCTATC GTATGGTGTACAAT), reverse primer 100669-337R (ACTTCCGCACG CGATTTATAAT), and the TaqMan 100669-271T probe (AAGGTTATA TACAAGAACGTACGATA) were used for measurement of hu-lgfp mRNA. Human ␤-actin mRNA was used as a standard.
Nucleotide sequence accession numbers. The DNA sequences of lgfp and hgfp have been deposited in the DDBJ database under accession numbers LC018331 and LC018335, respectively. All of the genes, plasmids, microorganisms, and human cell lines used in this study and the accession numbers of DNA sequences are summarized in Table 2 .
RESULTS
Effect of lgfp expression on the growth, salinity response, and gene expression of E. coli. I constructed two artificial genes based on the amino acid sequence of the GFP-encoding gfpmut3 gene (23); one with the lowest-or lower-usage codons (lgfp) and another with the highest-usage codons (hgfp; Table 2 and Fig. 2A ). The CAIs of gfpmut3, hgfp, and lgfp were 0.595, 1.00, and 0.394, respectively (16) . I constructed pHGFP and pLGFP by arranging the hgfp or lgfp gene downstream of an IPTG-inducible P trc-2 promoter (LacI repressed) (2) . Both plasmids had the pBR322 ColE1 origin of replication and an ampicillin resistance gene. Expression of lgfp repressed the growth of E. coli without killing the cells; the number of CFU of E. coli neither increased nor decreased for 4 h after induction with IPTG and then increased, whereas induction of hgfp had no effect on cell growth (Fig. 2B) . The level of GFP expression from lgfp was about one-third of that from hgfp at 2 h of incubation (Fig. 2C) .
Next, I checked the response of outer membrane proteins OmpF and OmpC to salinity change under lgfp expression in order to investigate the effect of lgfp induction on the gene networks in E. coli. OmpF was expressed under low-salinity conditions and then repressed, and OmpC was expressed according to the increase in salinity (Fig. 2D, lanes 1 and 3) (24) . There was no response to salinity under lgfp expression (Fig.  2D, lane 2) . I also examined the effects of the induction of lgfp on ALP activity, which is encoded by one of the housekeeping genes in E. coli cells and is independent of the cell cycle (50, 51) . Induction of lgfp expression suppressed ALP production to 2.8% of that in controls at 3 h of incubation (see Fig. S1 in the supplemental material). I observed no growth inhibition upon lgfp induction with Ͻ1 mM IPTG. E. coli carrying the pLGFP plasmid containing the p15A or SC101 origin of replication at a medium or low copy number showed normal growth (see Fig.  S2 in the supplemental material). The increase in the CFU count after 4 h is dependent on the increases in the levels of Kobayashi rare-codon tRNAs because the effects of growth repression by pLGFP were abrogated by cotransformation of pRARE carrying tRNA genes of all types with rare codons (see Fig. S3 in the supplemental material) (27) .
The cessation of peptide synthesis because of the shortage of rare-codon tRNAs may cause a pseudosignal of amino acid starvation in E. coli and activate a ppGpp cascade, which in turn inhibits growth (28) . In fact, Brinkmann et al. reported that the expression of certain genes rich in rare arginine codons in E. coli activated the ppGpp cascade and slowed the cellular growth rate (29) . However, lgfp expression inhibited the growth of E. coli K-12 XL-10, which lacks the relA gene required for ppGpp synthesis (see Fig. S4 in the supplemental material). These observations indicated that the effects of my system were independent of natural gene regulation of the ppGpp network. Taken together, these observations indicate that lgfp gene expression silenced the ex- Next, I investigated the number of codons needed for repression of E. coli growth. I constructed three deletion mutant genes, lgfp⌬1, lgfp⌬2, and lgfp⌬3 lacking 25, 50, and 75% of the length of the C terminus of lgfp, respectively. The lgfp, lgfp⌬1, lgfp⌬2, and lgfp⌬3 genes had 111, 83, 59, and 36 rare codons (fractions Յ0.15), respectively (Table 1) . pLGFP⌬1, pLGFP⌬2, and pLGFP⌬3 were constructed from pLGFP by replacing lgfp with one of the three mutant genes, respectively. The products of the three deletion mutant genes showed no fluorescence. Induction of lgfp and lgfp⌬1 repressed the growth of E. coli, whereas no such effect was observed with lgfp⌬2 or lgfp⌬3 (Fig. 3A) . In the expression of the gene containing many rare codons, those close to the N terminus contributed to the stringent response to amino acids (11, 17) . In my system, the total number of low-usage codons per gene was important for growth suppression.
To confirm posttranscriptional gene silencing by expression of a gene rich in low-usage codons, I constructed the pL⌬NG plasmid with lgfp⌬1 and the reporter gene gfpmut3 (Fig. 3B) ; both gfpmut3 and lgfp⌬1 were arranged downstream of P tet and P trc , which are independently inducible with aTc and IPTG, respectively. I also constructed control plasmid pH⌬NG containing hgfp⌬1 (75% of hgfp from the N terminus) instead of lgfp⌬1 (Fig. 3B) . Figure 3C shows the effect of lgfp⌬1 or hgfp⌬1 on the expression of gfpmut3. With lgfp⌬1 induction, GFP expression from gfpmut3 was repressed to one-quarter of that in the absence of induction after 4 h of incubation (Fig. 3C) . The induction of hgfp⌬1 kept GFP expression at 93.5% of that in the absence of induction, confirming that my rare-codon gene can repress the expression of other genes as designed. The extent of repression of GFP expression by lgfp⌬1 was less than that of ALP expression (Fig. 2C) . In this experiment, gfpmut3 was placed under the control of the strong P tet promoter and cloned into a high-copy vector. As a result, high levels of gfpmut3 mRNA were transcribed from the plasmids and would therefore have more chances to bind to rare-codon tRNAs in the cell.
Effect of lgfp expression on phage expansion. My artificial gene silencing system provides a novel control system for biological activities. One potential application of this system is as a nonspecific virus defense because all viruses require the translation step of protein synthesis in the host to facilitate expansion. I examined the effects of lgfp expression on outbreaks of various types of phage, i.e., double-stranded DNA phages T4 and T7, temperate phage , single-stranded DNA filamentous phage f1, and singlestranded RNA phage MS2, in E. coli cells (30) . The overexpression of lgfp suppressed the expansion of highly virulent phages T7 and T4 to as little as a factor of 20, as well as cell lysis, whereas neither expression of hgfp nor suppression of gfp gene expression prevented phage expansion or cell lysis (Fig. 4A) . Both phages T4 and T7 can lyse E. coli expressing hgfp and showed expansion by factors of 10 4 and 10 6 , respectively, and GFP expression allowed phage expansion. In addition, the titers of phages , f1, and MS2 failed to increase in cultures of E. coli overexpressing the lgfp gene (Fig. 4B) ; the titers of f1 and MS2 decreased especially drastically, to about 2 to 3% of the initial values after 4 h of incubation. These two phages lack the nucleases that highly virulent phages possess to cleave and/or use the host's DNA and cannot attack plasmids in the cell (25) . The halting of peptide synthesis by overexpression of lgfp would be effective against virus protein synthesis and stop the expansion of these two phages.
Construction of phage-resistant E. coli with a phage-inducible promoter and lgfp. To utilize my artificial GFP gene as a practical antivirus system, I focused on the promoter of the phage shock protein (psp) operon, which is induced by f1 infection in E. coli, and constructed pPAH and pPAL to induce hgfp and lgfp expression on demand, respectively (Fig. 4C) (26) . Artificial gfp genes were inserted downstream of the psp operon promoter with a strong ribosome binding site (AGGAGGTTTTTT) (2) . Infection with f1 induced GFP expression from the hgfp gene at a level that was one-sixth of that from hgfp induced with 10 mM IPTG at 2 h (Fig. 4D) . The mean value of GFP expression from the f1 phageinducible hgfp gene increased to 50.8 (arbitrary units) at 3 h of incubation. GFP expression was also observed in cells transformed with f1 phage-inducible lgfp upon phage f1 infection, although its level was very low. After infection, the growth of E. coli cultures carrying pPAL was similar to that of uninfected controls (Fig. 4E ). In addition, the reproductive rate of f1 in E. coli cultures carrying f1 phage-inducible lgfp decreased to 10 Ϫ4 to 10 Ϫ6 of that in cultures carrying f1 phage-inducible hgfp. Suppression of cell growth because of lgfp overexpression was not observed in this system because of the low level of GFP expression, but it was sufficient to interrupt f1 expansion. These results suggest that an artificial gene rich in low-usage codons and a suitable gene expression system could provide a novel genetic system for virus defense in the cell. My system can interrupt the expansion of unknown or mutated viruses that use the host's protein synthesis systems.
Effect of lgfp and hgfp expression on S. cerevisiae. To examine whether my system is effective in eukaryotes, I examined the effects of lgfp and hgfp on the growth of S. cerevisiae, a model eukaryotic microorganism for which a number of host-vector systems are available (19) . In S. cerevisiae, lgfp and hgfp showed similar CAIs of 0.594 and 0.621, respectively. However, hgfp had more rare-codon types than lgfp in this organism, which was the opposite of the case in E. coli (Table 1) ; the lgfp gene has only two types of rare codon, 23 glycine (GGG) and 18 leucine (CUA), the fractions of which were Ͻ0.15, while hgfp has five types of rare codon. Six rare arginine codons (CGC) are present from the middle to the end of the hgfp gene (Fig. 5A, arrows) . Auxilien et al. suggested that tRNA Arg CGC is a product of enzymatic modification of the AGC codon tRNA (31) . I constructed pYLGFP1 and pYLGFP2 containing lgfp and hgfp, respectively, arranged downstream of the galactose-inducible promoter P GAL of S. cerevisiae, and an aureobasidin A resistance gene. Control plasmid pYEG had a yeast enhanced GFP gene (yEGFP) instead of the artificial gfp gene in the same vector (32) . To investigate the effects of the expression of each artificial gfp, S. cerevisiae carrying each plasmid was cultured in YPGalactose medium containing aureobasidin A (1 g/ml). S. cerevisiae growth repression was observed only with induction of hgfp expression for 24 h, which was longer than that in E. coli induced lgfp expression (Fig. 5B) . The copy number of the yeast plasmid in the cell was about 10 (19), which is equivalent to the medium-copy-number plasmid containing the p15A origin of replication in E. coli. There was no growth repression associated with induction of lgfp expressed from the medium-copy-number plasmid in E. coli (see Fig. S1 in the supplemental material). This difference in growth repression between S. cerevisiae and E. coli will depend on the half-life of the mRNA; the average half-life of mRNA is a few minutes in E. coli compared with 22 min in yeast No phage was added to controls (squares). The multiplicities of infection of T4 and T7 were 0.088 and 0.0012, respectively. E. coli carrying pHGFP (ϮIPTG) or pLGFP (ϪIPTG) was grown to stationary phase at 2 h. The PFU count (upper graph) and OD 660 (lower graph) of each culture were measured periodically. Error bars show standard deviations (n ϭ 3). (B) Effects of lgfp expression on the rates of expansion of various phages. E. coli JM2.300 carrying pHGFP or pLGFP was used as a host for phage , and E. coli AK4 carrying pHGFP or pLGFP was used as a host for phages f1 and MS2. Culture conditions and IPTG induction were as described for panel A. Phages were added to the cultures at a multiplicity of infection of 0.01. The rate of expansion of each phage was calculated from the phage titer after 4 h of incubation at 37°C. Error bars show standard deviations (n ϭ 3). (C) Construction of a phage response genetic system. pPAL contains the lgfp gene downstream of the modified promoter of the psp operon, the ampicillin resistance gene, and ColE1. pPAH has hgfp instead of lgfp of pPAL. RBS, ribosome binding site. (D) GFP expression from pPAH by phage f1 infection. E. coli AK4 carrying pPAH was incubated with phage f1 (multiplicity of infection, 1) at 37°C for 2 h. No phage was added to controls. GFP expression was then measured as described in Materials and Methods. Mean fluorescent signal values (arbitrary units) are indicated in the graphs. (E) Phage resistance of E. coli AK4 carrying pPAL. Cultures of E. coli AK4 carrying pPAH (blue) or pPAL (red) were incubated with various phage concentrations at 37°C for 4 h. Growth is indicated as the ratio of the OD 660 to that of a culture of AK4 without the addition of phage f1 (circles, lower graph). All cultures without phage addition were grown to an OD 660 of 0.65 to 0.90. The titers of phage f1 in the cultures were measured as described in Materials and Methods. The reproductive rates were calculated from the titers (squares, upper graph). Error bars show standard deviations (n ϭ 3). (17) , and the content of rare-codon mRNA from the artificial gfp gene in the cell will be maintained at high levels in yeast despite the low copy number of the yeast plasmid. The level of expression of GFP from hgfp was much lower than that from lgfp or yEGFP (Fig.  5C ). It was reported previously that the translational efficiency correlated with the CAI (33, 34) . The lgfp gene showed the same GFP expression as yEGFP, although the CAI of lgfp was lower (Fig.  5C ). The translational efficiency and growth repression by the artificial GFP gene would be correlated with the number of types of rare codon rather than the CAI. This result indicates that growth repression caused by monopolization of tRNAs for lowusage codons was effective in both prokaryotes and eukaryotes.
Repression of human cell growth and virus expansion by hulgfp expression. Finally, I synthesized a rare-codon gfp gene (hulgfp, CAI ϭ 0.485) according to human codon usage (Table 3) and examined whether its expression suppresses the growth of human cells. I cloned hu-lgfp downstream of the Dox-inducible promoter of the Tet-ON system and constructed plasmid pTRE-G1 (35) . First, I tried making a stable mutant cell line by integrating Doxinducible hu-lgfp into the HeLa cell genome; however, there was no stable mutant in Ͼ300 recombinant colonies. I then examined the effect of transient hu-lgfp expression on the growth of human cells. I selected three kinds of human cells, human HeLa cervical cancer cells, MCF7 breast cancer cells, and HEK293 kidney cells, for high transfection efficiency. HEK293 cells are used as host cells for recombinant adenovirus amplification. The pTRE-Luc plasmid was used as a control plasmid carrying a luciferase gene instead of hu-lgfp. Microscopic observation of HeLa cell culture showed induction of hu-lgfp suppressed cell growth in 24 h, whereas a control cell culture became confluent. The number of cells in the culture clearly decreased in 48 h (Fig. 6A) . Genome degradation caused by apoptosis did not occur in HeLa cells expressing hu-lgfp. Microscopic observation showed no fluorescence in HeLa cells transfected with pTRE-G1. I then confirmed mRNA of hu-lgfp in cells transfected with pTRE-G1 after 48 h of incubation by qRT-PCR. The amount of mRNA was about 50 times as much as that of actB mRNA, which was used as a reference. The induction of hu-lgfp also inhibited the growth of MCF7 and HEK293 cells. The numbers of HeLa, MCF7, and HEK293 cells decreased to 6, 23.5, and 16.7% of the control by 72 h of incubation after transfection, respectively (Fig. 6B) . Next, I also examined the effect of hu-lgfp induction on the expansion of recombinant adenovirus (22) . HEK293 cells expressing hu-lgfp prevented the reproduction of recombinant adenovirus to about six times the initial concentration and kept growing, whereas 80% of the control cells were killed by adenovirus and the number of adenovirus particles increased to about 80 times the initial concentration (Fig. 6C) . These results show that the rare-codon gfp gene works as an anticancer gene and a virus repressor in human cells.
DISCUSSION
In the present study, I tested a novel strategy for controlling a biological system in both prokaryotes and eukaryotes. My system is completely artificial and does not involve natural gene networks, and it is therefore very difficult to escape control through natural gene regulation, enzyme reaction, or signal transduction in the cell. My system showed stronger growth repression than a gene containing a single kind of many rare codons (12) . In the case of a single rare codon, genes not containing the critical rare codon would be expressed as usual. The growth repression achieved would then be weaker than that of my system. The lgfp deletion mutant constructs did not show the specific codons needed for growth suppression. The most-reduced rare codon in lgfp⌬1 and lgfp⌬2 was AUA (Ile). On the other hand, glycine is the most common amino acid in E. coli, and the lowest-usage glycine codon, GGG, was the most common one in lgfp (36) . A shortage of the major amino acid may be needed for the suppression of cell growth. A quantitative analysis of low-usage codons in additional lgfp mutant constructs would reveal the specific codon or total rare codons needed for the silencing of gene expression or cell growth. My system is easily applicable to artificial gene networks in synthetic biology because almost all of the artificial gene networks in synthetic biology usually use the gfp gene or relative fluorescent proteins as reporters (1-6, 37, 38) . Furthermore, specific gene deletion mutant constructs, genetic backgrounds, and compensating genes are needed for the use of artificial gene networks to program cell behavior (4, 15, (39) (40) (41) . My artificial gfp genes would provide cell growth regulation in artificial gene networks for applications in biotechnology without any mutagenesis of host cells (42) (43) (44) (45) .
In future studies, I will also construct an artificial virus defense system by using my artificial gene and promoters activated by virus infection in mammalian cells (25) . Linkage of artificial and natural gene control systems will be useful in the construction of effective and safe systematic gene therapy protocols and transgenic organisms (43) . For example, many genes or RNAs have been tested for gene therapy for HIV (46, 47) . The gene transfer and expression systems are ready in CD4 ϩ T cells (48, 49) . My artificial gene system for growth suppression and gene silencing would be able to suppress the expansion of HIV similarly to that of adenovirus (Fig. 6C) . Determination of the kind of gene, quantitative analysis for length, and codons of the artificial gene for suppression of HIV would be needed for effective gene therapy.
ACKNOWLEDGMENTS
I thank J. J. Collins for kindly providing plasmids and T. Gardner and M. Kaern for valuable discussion.
I designed the experiments, performed all of the experiments, and wrote the paper.
I have no conflict of interest to declare.
